The use of short x-ray pulses (duration 50 ns) has shown to eliminate the statistical time lag by providing start electrons for the partial discharge (PD) development in a void, making it possible to detect very small voids at low electric field levels. A single x-ray pulse of a given dose produces a certain number of electron-ion pairs in a given gas volume, depending on the gas parameters. A minimum x-ray dose is thus needed to provide at least one start electron in the void for successful pulsed x-ray induced partial discharge (PXIPD) inception. In the application of x-rays to a conventional PD measurement, it is necessary to consider that photons emitted by the x-ray source are attenuated by every barrier material which is located between the source and the void of the insulator. This paper presents guidelines on how to design a successful PXIPD measurement with any given pulsed x-ray source. To do so, the theoretical background of PDs and the attenuation phenomena of x-ray are shown. The minimum x-ray dose for PD inception in artificially produced spherical voids is determined experimentally and evaluated theoretically.
INTRODUCTION
THE absence of partial discharges (PD) is an important quality criterion for the insulation of high voltage equipment. The sources of PD are mostly imperfections and voids in the insulation material resulting from the manufacturing process. Due to the large statistical time lags it is difficult to detect voids of diameter d<1 mm by conventional PD measurements. The statistical time lag results from a missing start electron in the void which is mostly provided by background irradiation. Background irradiation may directly provide first electrons by volume ionization (gas ionization in the void) or by the surface photo effect, which releases electrons from the void surface [1] [2] [3] [4] [5] . However, the first electron production mechanism is a time dependent probability function which depends strongly on the void size. Experiments have shown that the statistical time delay is in the order of 30 minutes for d=1mm and around 3 days for d=200m [1] . This is especially problematic for factory outgoing or commissioning tests, where measurement time is limited.
Another first electron supply mechanism is the field assisted electron detrapping from the void surface, but this is negligible voids with no previous PD activity.
To eliminate the inception time delay a start electron has to be created artificially by other means. First reports on xray application to PD detection were published in the 60`s [6] and more recent works can be found in [7] [8] [9] [10] . In [8] a strong influence of continuous x-ray irradiation on the partial discharge mechanism and pattern was observed. High continuous x-ray doses even inhibited PDs in voids.
To minimize the influence of x-rays on PDs, a new method of PD measurement which uses short x-rays pulses was presented [9, 10] . This method proposes ionizing the gas in a void as a first step prior to detecting the PD activity immediately after the decay of the x-ray pulse, so that the interaction of a continuous x-ray beam with the PD can be avoided.
In more recent experiments even ultra-short pulses of xrays with 50 ns duration have been used successfully to detect PD [10] [11] [12] . It was shown that even voids in the range of 0.5 mm diameter could be detected without any statistical time lag at the expected theoretical discharge inception level. The measured phase resolved PD patterns did not differ from the naturally triggered ones [12] .
The principal purpose of the pulsed x-ray induced partial discharge (PXIPD) measurements project is to provide a more comprehensive analysis of the interactions between the x-ray pulse with the gas void in order to understand the influence of x-ray pulses on the partial discharge mechanism and its development.
The scope of this paper is restricted to show how an xray source can be reliably integrated into a conventional PD measurement system, as well as experimentally determine the minimum x-ray dose for PD inception in voids. To do so, there is a need to understand both the interaction of xrays with gas molecules along with the attenuation phenomena of x-rays by matter.
After presenting a theoretical background about PDs and the interaction of x-rays with materials and gas molecules in Section 2, the experimental setup, the measurement procedure and the used equipment are described in Section 3. The results of the minimum dose measurements are presented in Section 4. Section 5 provides summary instructions on how to design a PXIPD experiment with any insulation system.
THEORETICAL BACKGROUND
A PD in a spherical void with a diameter d causes a voltage breakdown in the void and deploys the charge ±q on its walls. This charge displacement can be measured as an apparent charge on the electrodes of the sample. More than one type of discharge can occur in voids [13, 14] . Streamer discharges are considered to be the dominant PD mechanism as they have higher charge pulses and are easier to detect with conventional measurement systems.
For a PD to develop in a void, the electric field f·E 0 within (cf. Figure 1 ) must exceed the inception field strength E str . In addition, a starting electron must be available. This critical electric field is given as a threshold criterion and usually called the streamer criterion [15] :
where E 0 is the applied background field. For air (E/p) crit = 25 V/(Pa·m), B = 8.6 m 1/2 Pa 1/2 and n = 0.5. f is a factor that quantifies the field enhancement in the void and depends on the void shape and the permittivity of the surrounding bulk material [1, 15] . For spherical voids in epoxy (ε r =4) f~1.33, p is the pressure in the void and is typically taken to be in the range of p=50-100 kPa [2] . The start electron is mainly provided by irradiative gas ionization, i.e. natural irradiation. In our experiments, we create additional electrons by artificial x-ray irradiation (cf. Figure 1 ). This assumption of ionized gas molecules in the void has been made in previous experiments using x-ray triggered PDs [6] [7] [8] [9] [10] [11] [12] .
The key question for the present investigation is which dose is necessary to reliably trigger PD. It is necessary to create at least one electron in the critical volume, V eff , of the void. Not all electrons produced in the gas volume, V, contribute, as an avalanche needs a certain minimum length to reach the critical number of electrons to develop into a streamer. The effective void volume, V eff , for a spherical void can be calculated by [1] :
where d is again the void diameter and ν=U 0 /U inc the overvoltage ratio between applied voltage and inception voltage. The exponent β is a relevant parameter in the streamer criterion and for the case of gas epoxy interface is taken to be ~2 [1] . The number of electrons produced by a certain dose D can be calculated using the definition of Röntgen, assuming the void gas is primarily air. This is justified because of the method of sample production and the reasonable approximation that most of the gaseous reaction and decomposition products (e.g. CH 4 , CO 2 , and NOx) are not much different in respect to the ionization characteristics of dry air [16] .
For an effective void volume V eff , irradiated by a dose D (in Röntgen), the number of electrons, N e , produced in the gas of density ρ can be calculated by using the following relation:
The proportionality constant is 15 1 1.61 10 .
The scope of this paper is to answer the more general question regarding how PXIPD detection can be used for more complex insulation systems such as power cables, bushings, instrument transformers and other high voltage equipment. Here, the voids or other insulation defects (delaminations, etc.) may be "shielded" by metallic parts or other materials that attenuate the x-ray beam ( Figure 2 ). 
X-RAY ATTENUATION
The intensity of x-ray beams decreases with increasing distance to the source due to geometrical reasons and due to attenuation by matter. Both situations are depicted in Figure 3 . An x-ray machine is usually a point source radiating outward radially and forming a cone with an opening angle α. The intensity decreases with the inverse-square of the distance to the source.
At the same time the intensity decreases as it interacts with matter due to scattering and the photelectric effect. The attenuation of a narrow x-ray beam with monoenergetic photons can be described by the Lambert-Beer law with the attenuation coefficient μ, or the mass attenuation coefficient μ/ρ in units of cm 2 /g. The mass attenuation coefficient for metals that are commonly used in electric power equipment is shown in Figure 4 . It decreases strongly with increasing x-ray photon energy and is around three orders of magnitude smaller for 100 keV photons compared to 10 keV photons. In case the x-ray beam penetrates a layer of multiple different materials (index i), the transmitted intensity is calculated by considering the individual absorption of each material and its thickness.
For normal x-ray sources with a non mono-energetic energy spectrum, the attenuation has to be calculated by integrating over the energy spectrum. For simplification purposes, or if the full energy spectrum of the x-ray source is not known, only a few discrete energy bands (index k) can be treated. If I 0 is the initial x-ray intensity, then the intensity I after penetrating a certain number of different materials (index i) with thickness x i is calculated by:
An x-ray source typically shows a strong angular emission characteristic which has to be taken into account. In the example of Figure 2 , void B may see a lower x-ray dose than void A though there is less absorption along the line of sight.
EXPERIMENTAL SETUP
The pulsed x-ray source was integrated into a conventional PD measuring circuit. The sensitivity of the PD detection system for the used test setup was below 0.5 pC, in compliance with IEC 60270, and the interference level around 0.3 pC. The x-ray pulse is fired while the ac voltage is applied to the sample. The x-ray pulse was always triggered at the peak of the applied voltage. Samples of rod-rod geometry that contain a single spherical void were made from transparent epoxy (cf. Figure 5 ). The gap distance between the rod electrodes was 3 mm. For the measurements, 4 samples were produced each containing a spherical void of 1 mm diameter. The voids were produced in the same way as they occur during insulator production in a factory, i.e. by gelation of gas bubbles in curing epoxy. This way we get voids of different sizes and with almost the same surface conditions as in technical reality. Figure 6 shows the experimental setup for the minimum x-ray dose measurement. First, the inception voltage U inc of each sample was determined experimentally by using PXIPD without any additional attenuating material. It was found to be between U inc =(6…7) kV rms . In a next step, an attenuation material (Al, Fe, Cu, or Pb) was placed between the x-ray source and the sample. Only one type of material was always inserted at a time. Then, only the total thickness of the inserted material determines the attenuation of the xray beam. The desired absorber thickness was achieved by stacking several prepared plates of 0.5, 1 and 2 mm thickness. For the measurements, the ac voltage was first brought to 1 kV above the predetermined inception voltage U inc. This corresponds to an overvoltage of about 20 % and is comparable with the low overvoltages we use at PXIPD testing. In our used samples with this overvoltage, the V eff is roughly half of the overall volume of the void.
Up to 3 x-ray pulses were then shot at the instant of voltage peak, each with a time delay of ~5 seconds. If no simultaneous PD inception occurred after the 3 rd pulse, the voltage was turned down to zero and one layer (0.5 or 1 mm) of the metallic attenuation material was removed. The voltage was then again brought to the same level and the procedure was repeated. Slices of material were removed until inception occurred. At this moment the voltage was immediately turned down without recording the phase resolved PD (PRPD) pattern. The absorber thickness was noted and the x-ray dose was measured with an ionization chamber. For this, the sample was removed and a dosimeter was placed at its position. To compensate for the scatter in the source intensity and the measurement accuracy of the dosimeter, the dose was determined as an average value of 5 x-ray pulses. This average value is taken as the minimum x-ray dose necessary for PD inception of the void under these conditions. Generally, at inception, the voltage was turned down immediately to avoid long PD activity and associated "surface degradation" such that each sample can be used more than once. As, at each measurement with the same sample, we did not see any PD inception without x-ray application and no inception with very thick layers of attenuation material, we believe that this was tolerable.
PULSED X-RAY SOURCE
XRS-3T is a portable x-ray source from Golden Engineering, Inc. It generates a short pulse of 30-50 ns duration with maximum photon energy of about 300 keV. The Figure 7 shows the measured temporal evolution of the x-ray pulse intensity, measured with a photomultiplier (PM) tube.
Most of the intensity of an x-ray beam is created by Bremsstrahlung. Electrons are decelerated upon hitting the anode. The resulting energy spectrum is continuous with a decreasing intensity towards increasing photon energies.
For our x-ray source, no measured energy spectrum was available. We thus determined the energy spectrum for a discrete number of energy bands indirectly from attentuation measurements with materials of known absorbtion coefficients. A series of dose mesurements were completed using Al, Fe and Pb as attenuation material. With each metal, measurements at 2 different distances and 10 different thicknesses were perfomed. The relative intensity of the three energy bands and the centre of the energy bands themselves were then determined by a fitting procedure using the attenuation measurements together with the absorbtion coefficients taken from the National Insitute of Standards and Technology (NIST) database. The results are shown in Table 1 . Additionally, the validity of the inverse square relation to the distance was experimentally confirmed by dose measurements at different distances. The results showed a good agreement within the accuracy of the measurement device (see Section 3.3) and the scattering of the source itself. The intensity of the x-ray beam depends also on the angle of emission. The highest dose is irradiated at the direct line of sight and decreases as the opening angle increases. Figure 8 shows the measured angular emission characteristics of XRS-3T. These measurements were performed by maesuring the dose at 10 different angles at each side of the source. For each angle the mean value over 10 pulses was taken. 
DOSIMETER
A dosimeter of the type Melit RGD 27091 (X-Ray and Gamma-Dosimeter) was used to measure the x-ray dose. It is designed to measure the ambient dose equivalent H*(10) within the energy range from 6 keV to 3.0 MeV. Internally, however, it measures a current I K in an air equivalent ionization chamber of V=600 cm 3 volume which is proportional to the number of charge carriers generated:
The proportionality factor K=2.58×10 -2 C/ (kgSv) is used to convert the internally measured current into the ambient dose equivalent H*(10) in Sv. Hereby, the definition of Röntgen (R) is considered and 1Sv=100 R applies. The unit of Röntgen gives the amount of ionization (in Coulombs) in a unit mass of dry air and it is 1R=2.58×10 -4 C/kg. It is only valid for gamma and x-rays.
The relative response of the dosimeter for incident photons of energy ~50-100 keV is ~30% higher than for photons of energy >100 keV. An additional correction factor of K c =1.3 is thus used to convert the read-out signal H x to the ambient dose equivalent, i. 
MEASUREMENT ACCURACY
To make a statement about the minimum dose, the accuracy of the whole measurement chain needs to be known. As we cannot assess the accuracy and reproducibility of the source and the dosimeter individually, both devices are analyzed together. The dosimeter was placed in front of the pulsed x-ray source with a distance of s=200 mm and ten pulses were triggered. The measured dose per pulse was in the range of 76 Sv to 97 Sv with an average value of 88.3 Sv at 8.3 Sv standard deviation (9.4 %).
The reproducibility was also estimated in the lower measurement range. The dosimeter was placed 400 mm away from the x-ray source with 32 mm thick copper plates placed in between. Out of a series of 10 pulses, the measured dose per pulse was in the range of 0.07 Sv to 0.16 Sv with an average value of 0.11 Sv and 0.031 Sv standard deviation (29 %). As this lower range is of interest for us, we assume a measurement accuracy of 30 %. Table 2 shows the results of the measurements done with the 4 samples according to the procedure described in Section 3. The measurements were done chronologically in the sequence as listed in the table. Columns 2 to 4 show the material, its maximum thickness, and the distance of the sample to the source at inception. As it was stated above, the material thickness was increased in steps of 0.5 to 1 mm.
RESULTS
Column 5 shows the measured absolute dose (in µSv/pulse as average of 5 pulses) for the case of PD inception. This value is the minimum x-ray dose that was necessary to incept PD in this void, neglecting the 25 mm of epoxy of the test sample. Column 6 shows the calculated dose for the very same situation using the attenuation calculation with the 3 energy bands model described in Section 3.1. As an example: the first sample was placed at 400 mm distance to the x-ray source. When decreasing the number of iron sheets thickness from shot to shot, PD inception occurred when the total thickness was ≤32 mm. The dose measured under these conditions was 0.16 µSv/ pulse (an average of 5 pulses). Calculation of the dose with the 3 energy bands model results in 0.21 µSv. The experiments were repeated in different combinations: the same sample was used with different absorption materials and at different distances; different samples with voids of the same size have been tested with the same absorbing materials and with different distances. Across all measurements, the minimum dose needed for inception was in the range of 0.05 to 0.16 µSv/ pulse. The calculated dose deviates not more than 25 % from the measured values. With respect to the measurement accuracy of 30 %, this can be interpreted as an agreement.
DISCUSSION
First of all we want to relate the minimum required doses that were measured (H x , from 0.05 to 0.16 µSv) to the average number of additional electrons that were produced inside the voids by the x-ray pulse. The measured dose is attenuated by ~30 % which compensate for the 25 mm of epoxy from the sample. The number of electrons is thus calculated by inserting D = H*(10) into equation (3) . H*(10) is estimated like in Section 3.2. V eff is calculated using equation (2) where d is the void diameter, p the pressure inside the void, and  the density of the gas inside the void (taken as dry air) at pressure determined by U inc . The pressure of the gas inside the voids was determined by U inc and was taken to be 75 kPa, which is also in accordance to the measurements shown in [2] . A dose of H x = 0.16 Sv read at the dosimeter thus corresponds to Ne = 2…3 electrons produced by the x-ray source in a void of 1 mm diameter at an overvoltage of about 20 %. The minimum measured dose of 0.05 µSv still corresponds to ~1 created electron on average. For doses below these values we have not observed partial discharge initiation. Although it is statistically not meaningful to discuss about one electron or less, the numbers of electrons estimated by this simple equation are in the right order of magnitude and thus sensible.
From this estimation, we conclude that an arrangement should be chosen that enables a calculated average electron creation of at least 1. Of course, a certain safety margin should be included, since more than one x-ray pulse was occasionally required to trigger the discharge. The x-ray pulses were shot in time steps of about 5 seconds.
If the device under test, together with the x-ray source and its placement allow, one could aim for a minimum dose that would suffice to create on average 5 to 10 electrons.
To be able to predict the dose at different defect locations in real power equipment, one has to rely on calculating the dose. The agreement between the measured and calculated dose in our experiments is within the range of our measuring accuracy. We thus conclude that it is possible to calculate the dose at every potential defect location given the equations above. The key defining parameter is the overvoltage factor, since it defines the effective volume. The higher the overvoltage factor the lower will be the minimum dose required to produce a certain amount of first electrons.
Based on this fundamental study with clear defined x-ray path and attenuation, we derive and propose a method to prepare and dimension the measurement setup for any piece of equipment using x-ray triggered partial discharge inception. Given the equipment geometry and the angular emission and energy spectrum of the x-ray source a PXIPD setup can be designed as plotted in the flow-chart in Figure 9 . A fundamental step is the decision by the user about the minimum interesting void dimension d min . The next defining factor is the used test voltage U Test which defines the overvoltage factor and has a great effect on the minimum required dose. If the equipment is designed with a CAD program the electric field distribution E can also be calculated numerically. The x-ray source can be virtually placed at the most suitable position. The dose is calculated for every insulator position where E > E inc by attenuating the beam along the lines of sight. From the local electric field value, an effective volume can be calculated for a potential defect at this location with the smallest diameter d min . If within this effective volume, with the calculated dose D, the minimum number of electrons Ne is achieved, it is likely to trigger all relevant voids in this setup and the PXIPD is considered to be ready. If not, as a first option, a closer location or another orientation angle of the x-ray source must be tried. In case the distance between the source and the insulator cannot be further decreased or its position not changed, the next options to try are increasing U Test or the minimum void diameter to be detected. If the user does not change these main testing criteria (U Test and d min ) an x-ray source with higher tube voltage should be tried.
To illustrate the general flow diagram we give an example following Figure 2 . Instead of checking all points in the XLPE insulation we only look at void locations A and B. Setting the test voltage to U n may lead to E A =14 kV/mm and E B =8 kV/mm. We define the minimum relevant void size to d min =50 μm which leads to E inc ≈5.8 kV/mm, i.e. both our points A and B have to be considered. (The minimum detectable void size is not only defined by the background electric field but also the sensitivity of the detection system, here d min =50 μm is taken as one plausible example). The location of the x-ray source is fixed and its emission spectrum and intensity is known (including the angular characteristics of the beam). We follow the line of sight of the x-ray beam from source to void A and B and attenuate the intensity considering the energy dependent attenuation coefficients and the different materials. For the position of the x-ray source as given in Figure 2 the resulting dose at the voids is D A =100 μSv and D B =1 mSv. Void B is irradiated by a much higher dose than void A, even if it is located an angle of about 30 degrees from the direct line of sight (cf. Figure 8 ). This is because void A is located behind the massive cable conductor which strongly attenuates the x-ray beam. At the corresponding field levels 14 kV/mm and 8 kV/mm, these calculated doses give a number of electrons which is higher than 5 only in void B. Thus, in order to achieve the minimum defined number of electrons Ne in void A, something has to be changed in the setup. Figure 9 shows the recommended and numbered order of the rearrangements to be made.
SUMMARY AND CONCLUSION
The use of short x-ray pulses has proved to be very successful in eliminating the statistical time lag during PD measurements.
The minimum dose measurements seem to justify the assumption that an x-ray beam mainly interacts with the void gas and even with a small number of electrons produced, can successfully lead to a PD development. The statistical variations of the minimum dose were within the measurement accuracy.
On the basis of minimum dose measurements it could be also shown how any x-ray source can be successfully used for a PXIPD setup. The energy spectrum of the x-ray beam can be estimated by simple attenuation measurements and the dose at every insulation location can be estimated.
The provided measurement and calculation steps can be considered as guidelines and fundamental steps necessary for the design of a PXIPD setup.
